We have reexamined the balance between cell birth, cell maturation, and cell death in the thymus by labeling dividing thymocytes and their progeny in vivo with [3H]-thymidine, isolating clearly defined subpopulations by fluorescence-activated cell sorting, and determining the distribution of label by autoradiography. When mature thymocytes were precisely defined (as CD4'CD8-CD3' or CD4-CD8' CD3+) and separated from immature single positives (CD4+CD8-CD3-and CD4-CD8+ CD3-), a lag was observed in the rate of entry of H3lIthymidine into mature cells. Thus, many of the mature thymocytes appear to derive from a small nondividing cortical thymocyte pool, rather than originating directly from the earliest dividing CD4+CD8+ blasts. There was little evidence for cell division during or after mature thymocyte formation, suggesting a one-for-one differentiation from cortical cells rather than selective clonal expansion. The rate of production of mature single positive thymocytes agreed closely with estimates of the rate of export of mature T cells from the thymus and was only 3% of the rate of production of doublepositive cortical thymocytes. This was compatible with a stringent selection process and extensive intrathymic cell death and suggested that no extensive negative selection occurred after the mature cells were formed.
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The majority of CD4+CD8+ (double positive) cortical thymocytes are believed to die in the thymus after a short life-span (1) (2) (3) (4) (5) . However, some do mature into CD4+CD8-and CD4-CD8+ (single positive) medullary thymocytes through a process of positive selection by self major histocompatibility complex (MHC) antigens (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The number entering the mature state is reduced by a process of negative selection, which eliminates cells with excessive direct reactivity with self-MHC and self-antigens (8, 9, 12, 13, (16) (17) (18) (19) . Cortical thymocytes that are not rescued by the positive selection process presumably also die intrathymically of neglect.
Kinetic studies on T-lymphocyte development in the thymus originally presented the paradox of a very rapid rate of thymocyte birth (equivalent to one-third of all thymocytes per day) (1, 4) compared to a slow rate of export to the periphery (equivalent to 1% of all thymocytes per day) (3, 4) . The conclusion from the balance sheet was that most cells born in the thymus die in the thymus. A series of studies comparing the relative retention in the thymus of iododeoxyuridine and thymidine after their incorporation into thymocyte DNA had seemed to provide direct evidence for this intrathymic death (19) (20) (21) ; however, deiodination, rather than cell death and nucleoside reutilization, appears to have been the real explanation of these results (22) . Since the balance sheet aspects remain the primary argument for extensive intrathymic death, it is important to recheck the evidence for thymocyte overproduction and to determine whether it is the mature or the immature subpopulations that are involved.
The uptake of label into the DNA of cells in the S phase of the cell cycle shortly after injection of mice with [3H1-thymidine can be used to estimate the incidence of dividing cells in a thymus subpopulation. The accumulation of labeled cells during semicontinuous administration of [3H]thymidine can be used to measure the rate of accumulation of nondividing products of this cell division, the progressive decrease in the number of unlabeled cells reflecting the exit from the nondividing thymus subpopulation by death, migration, or differentiation. This approach had been used in this laboratory (2) to demonstrate that the cells of "cortical phenotype" were generated at a very much faster rate than the putative end-product cells of "medullary phenotype." In those experiments, the medullary phenotype cells appeared to label without any lag, evidence that they were not derived directly from the small nondividing cortical thymocytes; it was proposed that they came either from the dividing cortical blast cells (as some recent experiments have also suggested) (23) or from a population of dividing cells that were detected within the medullary phenotype population itself. However, the marker available at the time of these experiments (the level of surface Thy The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
unwanted marker as described above and then sorting after two-color fluorescent staining of the two positive markers.
CD4-CD8' HSA-and CD4+CD8-HSA-cells were prepared by depletion with anti-HSA, followed by two-color fluorescence staining and sorting for CD4 or CD8. The purity of the sorted fractions on reanalysis was in the range 95-99o.
[ (1, 2, 4, 5) . Although dividing cells were enriched in the minor CD4-CD8-fraction, this accounted in total for <10% of all dividing cells in the thymus.
When single positives were isolated using just the CD4 and CD8 markers, both types had a significant incidence of dividing cells, although less than other fractions (Table 1 ).
This result seemed in agreement with our earlier data (2). However, we (24) and others (23, 26, 27) (24) . When these extra criteria were applied, the apparent incidence ofdividing cells in all mature thymocyte fractions fell markedly ( (Fig. 1 Top) . The results indicate that the major product of cell division within the thymus is the nondividing CD4+CD8+ small cortical thymocyte and that these have a mean intrathymic life-span of 3.5 days after the last cell division in their generation. These results on directly isolated cortical cells agree closely with earlier estimates (2) in which less stringent markers were used and the behavior of cortical cells was estimated by an indirect procedure.
The flow of label into the single positive subpopulations was followed initially by using cells isolated on the basis of only two markers, CD4 and CD8 (Fig. 1) . The results were in accordance with these populations having a slow generation rate and a slow turnover compared to the cortical cells. No lag was detected in the accumulation of labeled cells. Thus, both the CD4-CD8' and the CD4+CD8-subpopulations appeared to behave like the medullary phenotype population previously isolated on the basis of the level of Thy 1 expression (2). However, as noted above, these fractions must have contained a small proportion of immature single positives in rapid cell division, and this must have caused a false high estimate of mature cell labeling at the earlier time points. When these immature cells were removed by introducing the third marker CD3 as an additional criterion for maturity, the overall slow labeling kinetics was still obtained (Fig. 1  Bottom) . However, an important difference was that both the CD4-CD8' CD3' and the CD4+CD8-CD3' subpopulations then showed a definite lag in the accumulation oflabeled cells at the crucial early time points (Fig. 1 Middle) . A X2 test showed that the CD3' values differed significantly from the no lag straight line expectation (P = 0.01-0.001) for both the 1-and 2-day points and for both subpopulations. Such a lag indicates that a major proportion of the mature cells were differentiating from a nondividing precursor cell.
DISCUSSION
The kinetics of mature T-cell development in the thymus has also been examined by Penit (28) , who used bromodeoxyuridine to label the DNA of dividing cells and fluorescence microscopy as the detection system. This DNA precursor shows less reutilization problems than [3H]thymidine, so the fate ofa single pulse could be followed, but possible problems due to debromination (22) and interference with cell differentiation (29) must now be considered. In Penit's study the subpopulations were not isolated for direct examination, their labeling kinetics being calculated indirectly by subtraction after using one additional fluorescent color for phenotype analysis. Mature single positives were not segregated on the basis of CD3 staining. Penit's results indicated a 2-day lag in the entry of labeled cells into the CD4+CD8-subpopulations, in general agreement with our findings for CD4+CD8-CD3+ mature cells. Presumably, interference by the immature CD4+CD8-subset was not such a problem in the mouse strains used. However, no lag was seen in the entry of labeled cells into the CD4-CD8+ group. We suggest this was because the CD4-CD8+ CD3-immature cells obscured the result for the mature cells, much as we observed. Our results showing very similar generation kinetics for both mature thymocyte lineages suggest they originate from a common precursor by a similar selection process, in line with current models.
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The presence of a lag in the entry of labeled cells into both subpopulations of mature thymocytes, when they are properly defined, suggests that mature cells are not all immediately derived from the earliest dividing cortical blasts. Many, if not all, must come from a nondividing precursor population. The most obvious candidate is the large pool of small nondividing CD4+CD8' thymocytes. However, it should be noted that the lag observed in Fig. 1 was not an absolute one lasting' 3.5 days, as would be expected if CD4+CD8' cells were required to complete their intrathymic life-span before the choice between death or selection to maturity. Some mature cells were indeed labeled even by 1 day. At present we cannot tell whether these were derived from the dividing CD4+CD8' blasts, from the earliest CD4+CD8' small thymocytes, or from the few dividing cells we appeared to find in the CD3' single positive fractions (Table 1) . If we assume they derive from CD4+CD8' precursors, the results fit a model in which cells are selected at random from the entire pool of CD4+CD8' thymocytes, regardless of their intrathymic age. The earliest' blast cells should then be less depleted of selectable cells than the small cortical thymocytes. This, and their capacity for' some further expansion, may explain why the CD4+CD8' blasts give detectable mature products one day after intrathymic transfer but that small CD4+CD8' thymocytes do not (23) . However, there is an alternative model. Selection might act only on the CD4+CD8' blasts, producing a special subpopulation of small nondividing CD4+CD8+ thymocytes already destined to mature but not yet expressing the mature surface phenotype: such cells would account for the labeling lag. The time taken to acquire high levels of CD3, or to lose CD4 or CD8, could produce such a subpopulation.
The average life-span of the mature single positive cells in the thymus, after allowing for the lag of =1 day in their labeling kinetics, is 12 days for both subpopulations. However, the accumulation of labeled cells (and loss of unlabeled cells) did not have the linear "first in first out" kinetics of the CD4+CD8+ subpopulation ( Fig. 1 Bottom) ; the curves obtained suggest that exit of mature cells from the thymus is a stochastic process, the actual residence time of individual cells being very variable. In absolute terms, the rate of production of mature cells was calculated to be 3.4% that of the CD4+CD8+ cortical thymocytes, or equivalent to -1% of the thymus total cell number per day. This production rate is the same as the measured rate of export of cells from the thymus to the periphery as determined by the fluorescein isothiocyanate labeling method (3). This is in clear contrast to the rate of production of small cortical CD4+CD8+ thymocytes, which is far in excess of this export rate. In conjunction with the fact that recent thymus emigrants include few, if any, CD4+CD8+ cells (30) , the data clearly support the view that the excess production within the thymus is confined to the CD4+CD8+ cells and that these die intrathymically.
These cell production and turnover figures have some implications for the process of specificity selection within the thymus. The low level of dividing cells we find in the mature thymocyte subpopulations, and the fact that many develop from nondividing cells, makes it unlikely that positive selection in the thymus is like antigen-selective clonal expansion in the periphery; the results suggest a more direct one-for-one differentiation process. The results also suggest that once they are generated there is little loss of mature single positive cells by death within the thymus and that any numerically significant negative selection occurs before the mature single positive phenotype is developed or during the actual process of development. It is tempting to guess that the measured 3% rate of selection of cortical thymocytes to maturity, and to export, represents the overall efficiency of the process of forming a T-cell antigen receptor that is structurally sound, restricted to self-MHC, but not directly self-reactive. However, it is possible that the system is redundant at several levels, and that not all potentially selectable cells are processed to the mature T-cell state. It will be of interest to compare these overall rates of cell birth, maturation, and death in the normal mouse thymus with those of cells bearing one particular selectable T-cell receptor, such as found in transgenic animals (9, 12, 15) .
